The morphology of the sinus and atrioventricular (A-V) nodes of human hearts was studied and connecting pathways between these nodes were sought. The cells of both nodes differed from ordinary atrial and ventricular myocardium in respect to size, shape, number, and arrangement of cytoplasmic organelles. Using the criteria of fiber-tofiber connection, shown by means of serial histological sectioning, this study confinned previous reports of three pathways between the sinus and A-V nodes in the human heart. It was not required that these pathways be composed of classic Purkinje-type fibers, though many of the fibers did possess some of the features of Purkinje fibers.
While recent evidence reveals that specialized atrial pathways do demonstrate increased conduction velocity, their prime functional significance may be in the facilitation of orderly atrial depolarization, the maintenance of sinus node control of ventricular depolarization under various physiological conditions, and the provision of an orderly "input" into the A-V node, a tissue generally acknowledged to have a low margin of safety.
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Atrial pathways Bundle of His Purkinje cells THE mechanism by which the cardiac impulse is propagated in normal hearts from its origin in the sinus node to the atrioventricular node has not been agreed on fully. Therefore, reexamination of the atria, sinus nodes, and atrioventricular (A-V) nodes of normal human hearts was undertaken in a search for morphological pathways connecting the nodes.
The problem of connecting pathways between the sinus node and the A-V node can be better appreciated after a brief historical review of some of the major studies of the problem.
Historical Background
The concept of specialized conduction tissue in the heart had its origin in 1845 with 566 the description by Purkinje1 of the cells which have subsequently borne his name. In 1893, His2 established the existence of the main A-V bundle in various animals. Tawara,3 in his classic description of the A-V node in 1906, reported that the proximal reaches of the A-V node blended into ordinary atrial muscle tissue. Keith and Flack4 in 1907 described the sinoatrial (sinus, S-A) node. They thought that direct muscular connections might exist between the sinoatrial (sinus) and the atrioventricular nodes, which would allow sinoventricular rhythm to occur, but no definitive pathways were described. In 1907, Wenckebach5 described a specialized pathway of Purkinje-like fibers which extended from the base of the superior vena cava down the posterior wall of the right atrium adjacent to the atrial septum, fanned out along the A-V ring, and led into the A-V node. Subsequently, Thorel6 7 described a pathway of specialized tissue between the sinus and A-V nodes, which was located in Circulation, Volume XXXVII, April 1968 or near the crista terminalis and connected with the A-V node near the coronary sinus.
In 1910, the independent investigations of Wybauw8 and of Lewis9 established the sinus node as the electrophysiological pacemaker of the heart. Lewis and associates'0 proposed the concept of the radial spread of the impulse from the sinus node over the atria. During this period, Eyster and Meekll-"3 reported a series of experiments in which incisions were made in various sites in the right atrial wall and electrographic records were made of the resultant changes in the conduction times in various loci. They concluded that specific functional pathways did exist between the sinus and A-V nodes. In 1914, Lewis and associates'4 were unable to confirm these results and they reaffirmed Lewis' thesis of radial spread. The controversy continued, with Eyster and Meek'5' 16 summarizing their work in 1921 and 1922, and Lewis'7 maintaining his stand as expressed in his textbook in 1925.
A sound approach to this problem was taken in 1916 by Bachmann,'8 who correlated histological findings with physiological evidence. The result was the establishment of the interatrial bundle bearing his name. This bundle extends from the junction of the superior vena cava with the right atrium toward both right and left atrial appendages. Rothberger and Scherf,'9 in a combined morphological and experimental physiological study, presented evidence for specific atrial pathways connecting the sinus and A-V nodes.
With a morphological approach, Robb and co-workers20 in 1948 presented evidence for specialized pathways in the human fetal heart. Neither Copenhaver and Truex2' nor Truex22 alone was able to demonstrate definitive pathways composed of specialized cells in various mammals, including man, although the presence of occasional Purkinjelike cells was noted. Similarly, Lev23 in 1960 denied the existence of atrial pathways composed of specialized cells. It should be stressed that the observations of Truex22 and Lev23 referred to histologically specific atrial pathways but did not deny necessarily the Circulation, Volume XXXVII, April 1968 concept of preferential functional pathways. In 1961, Robb and Petri24 presented evidence for pathways in monkey and human embryonic atria.
Considerable interest has been generated by the studies of James25' 26 who, in an extensive study of human hearts of various ages, delineated three histologically definitive atrial pathways or internodal tracts. One pathway was analogous to that described by Wenckebach,5 another to that described by Thorel, 6' 7 and a third, an anterior pathway, descended from Bachmann's bundle into the A-V node. In addition, James stated that he could demonstrate that some connecting fibers bypassed the major part of the A-V node and inserted directly into the lower margin of the A-V node.
Recently, Truex and Smythe27 have demonstrated projections of the human A-V node, extending superiorly in the atrial septum toward the sinus node, although not definitely connecting with the sinus node. Purkinje-like fibers were noted occasionally, but these projections were not necessarily composed of such cells. In addition to the diffuse connections of these projections with the A-V node, some fibers within the atrial septum extended to, and inserted on, the tricuspid ring and some terminated in the "superficial surface" of the A-V node. This finding agreed in part with the observations of James25' 26; however, Truex and Smythe did not consider that these fibers bypassed the A-V node, apparently in a functional sense.
Using a correlative anatomic and physiological approach, Takayasu and co-workers28' 29 in 1954 reported definitive pathways between the sinus and A-V nodes in dogs. Several other workers confirmed and elaborated on these studies. 30 32 Studies by Puech and co-work-ers33 were offered in support of the concept of radial spread, but these did not rule out the possibility of functionally significant pathways. De Mello and Hoffman,34 in 1960, demonstrated that cells were present in rabbit atrium which were resistant to elevation of the extracellular potassium ion concentration, elevations sufficient to cause arrest of ordinary atrial cells. Davis and Hoffman,35 utilizing an in vivo preparation, demonstrated persistence of activity in specialized atrial tissue of dogs when the remainder of the atrium had been rendered inexcitable by hyperkalemia. Vassalle and co-workers36' 37 demonstrated the development of sinoventricular rhythm in experimental hyperkalemia, manifested by sinus node control of ventricular activation despite the inactivation of the body of atrial musculature and loss of the P wave.
Recently, elaboration of this differential sensitivity of ordinary and specialized atrial tissue to hyperkalemia has been reported by Wagner and co-workers. 38 Observations on the morphology of the transmembrane action potentials of ordinary and specialized atrial cells have revealed some distinguishing features. Horiba39 in 1963 noted a conspicuous plateau in Bachmann's bundle cells. This feature also has been noted in the sinoatrial ring bundle fibers of rab-bits40 and in the crista terminalis of dogs.4'-43 Wagner and co-workers38 confirmed these observations in Bachmann's bundle and anterior internodal tract cells of dogs. Horibe,41 working with rabbits and dogs, demonstrated the functional significance of pathways through the septal and right branches of the crista terminalis. Increased conduction velocity was noted and was thought to be caused by increased muscle mass of the crista terminalis. Yamada and co-workers42 in 1965 reported that in rabbits and dogs the right and the septal branches Right side of atrial and ventricular septa. XN is the sinus node and XAvN the A-V node. The inferior vena cava (ivc) and superior vena cava (svc) are shown with arrows. Ventricular septum (vs), tricuspid valve (t), coronary sinus (cs), and fossa ovalis (fo) are indicated. Lines from XSN to XAVN show the three pathways: anterior (ap), middle (mp), and posterior (pp). Dotted portions of these lines represent portion of pathways deep to the tissues illustrated. Circulation, Volume XXXVII, April 1968 of the crista terminalis facilitated impulse propagation from the sinus to the A-V nodes.
Conduction velocity was 1.5 m/sec, which was higher than that of ordinary atrium. Selective cutting of either or both pathways demonstrated the importance of these structures in A-V nodal activation. Wagner and co-workers38 recently demonstrated conduction velocities up to 1.8 m/sec in the anterior internodal tract of dogs. This finding correlated with their observation of increased maximal rise velocities in the action potentials of Bachmann's bundle and anterior internodal tract cells. Additional evidence for significant internodal pathways has been established in the rabbit. 44 In these animals, the right and the septal branches of the crista terminalis seem analogous to the posterior and anterior pathways described in the human heart.26 ation in Formalin. The patients' ages at death ranged from 7 to 81 years. In no case had significant clinical or autopsy evidence of cardiac pathological conditions been found. Blocks of tissue measuring 1 cu mm were fixed in osmium tetroxide (OS04) for 2 hours at 4 C and embedded in Epon. Uranyl acetate and lead citrate stains were used. Histological sections for light microscopy to be used as controls for electron microscopy were obtained from the tissue immediately adjacent to that removed for electron microscopy. In addition, thick sections of tissue from the blocks for electron microscopy were stained with methylene blue for examination by light microscopy. All studies were carried out with an RCA-U 3 E instrument. Results
Sinus Node Gross Anatomy
The sinus node was not in the intact specimens, identified grossly but an incision
Methods

Light Microscopy
Seven hearts, which had been preserved in Formalin, were studied. The ages of the patients at death ranged from 5 to 81 years. In no case had significant clinical or autopsy evidence of cardiac pathological conditions been reported. Four specimens were studied by means of serial histological sections that were cut at a thickness of 8 pu, stained, and examined. The distance between sections examined most commonly was 0.08 to 0.16 mm. Three of the seven specimens were studied in a semiserial fashion by means of histological sections taken every 0.5 to 1.0 cm throughout the entire right atrium and atrial septum. In two of the four serial-section studies, the nodes and the portions of the atria reported to contain specific pathways were studied. In the other two, the tissue blocks included the upper portion of the ventricular septum for approximately 2 cm, the entire atrial septum, the anterior wall of the left atrium, and the body of the right atrium except a portion of the anterior free wall ( fig. 1 ). Hematoxylin and eosin and the Mallory-Heidenhain stains were used routinely, and selected sections were stained with Lawson's elastic stain with a van Gieson counterstain.
Electron Microscopy
Seven hearts were studied. The interval from death to fixation of the tissue blocks ranged from 1.5 to 5 hours in six instances. In the seventh heart, the tissue blocks for electron microscopy were prepared after 11 days of fix-Circulation, Volume XXXVII, April 1968 through the junction of the right atrial appendage and the anterior wall of the superior vena cava revealed the sinus node artery surrounded by pale fat and connective tissue. In this region, the sinus node was found histologically. The sinus nodes varied in size but averaged 15 mm in length, 5 mm in width, and 1.5 mm in thickness. These dimensions agreed vith tlhose established by James.45
Histological Findings
The sinus node was characterized by dense connective tissue around, and continuous with, the sinus node artery (figs. 2 and 3). Sinus node cells were scattered within this matrix of dense elastic and collagenous tissue. These sinus node cells were slenderer than ordinary Ordinary atrial muscle. Specimen obtained 6 hours after death. Mitochondria (m), dense bodies (db), intercalated disk (id), sarcomere (s), nucleus (n), capillary (cap). Epon, uranyl acetate; reduced from x 4,000.
Figure 6
Sinus node (SN) surrounding the sinus node artery. Arrows point to connections of the sinus node with surrounding tissue. Mallory-Heidenhain stain; X 4.
Circulation, Volume XXXVII, April 1968 atrial cells and were arranged in a reticular pattern. The cells were paler than ordinary atrial myocardial cells and seemed to contain fewer myofibrils, a finding which gave the impression of a clear perinuclear zone. Intercalated discs were not seen between the cells within the node. The nuclei of these nodal fibers were smaller than those of ordinary atrial fibers. In its thickest portion, the node might be related to the endocardium on one side and the epicardium on the other. Specimens from patients more than 40 years of age were characterized by variable amounts of fatty tissue replacing the aforementioned tissue. Nerve cells were noted at the periphery of the node.
Fine Structural Findings
The sinus node cells and their nuclei were smaller than ordinary atrial muscle cells ( fig.  4 ). Often the perinuclear zone was prominent and clear. Myofibrils were sparse and located peripherally in the cells. The scattered myofibrils seemed to run in and out of the plane of sectioning in a random fashion and usually did not possess an orderly sarcomere arrangement. Dense bodies of various sizes were Figure 7 Section through atrial septum, sinus node (SN), and crista terminalis of right atrium (RA). Arrow points to connections of sinus node with posterior pathway in the crista terminalis. Mallory-Heidenhain stain; seen occasionally, usually near the nucleus of the cell. Similar dense bodies were seen in the atrial and ventricular muscle cells of some hearts ( fig. 5 ) and were interpreted as pigment granules. No intercalated discs were seen within the sinus node proper. However, intercalated discs were present in transitional cells, which had some characteristics of both sinus node and ordinary atrial muscle cells.
No distinguishing characteristics were noted in the membranes of the sinus node cells. Several cells might be surrounded by the same basement membrane; the plasma membrane might form clefts within individual cells; and several cells might abut one another, with plasma membranes in close apposition, 200 A apart. Small vesicles were seen lining the plasma membrane.
Elements of the longitudinal and transverse sarcotubular system were seen occasionally but were not prominent. No desmosomes or nexuses were seen. In most regions there was considerable connective tissue between cells. The mitochondria appeared qualitatively similar to those of ordinary atrial muscle but were fewer in number per cell. The time lapse between death and fixation precluded any firm comments about glycogen and organelles other than those described.
Sinus Node-Atrial Connections
Serial sectioning demonstrated that typical sinus node cells connected with ordinary atrial myocardial cells at the edges of the node (fig. 6 ). In this region, cells which possessed characteristics of both nodal and ordinary atrial cells and thus could be classified as 'transitional cells" were often seen. All the margins of the sinus node possessed connections with the atrial myocardium, but the preponderance of such connections occurred in three regions, the quantity in each region being variable in different specimens. The most prominent group of fibers arose from the anterior aspect of the sinus node and passed subendocardially to the left of the superior vena cava, toward Bachmann's Hematoxylin and eosin; enlarged from X 125.
Circulation, Volume XXXVII, April 1968 bundle and the anterior and superior margin of the atrial septum. The second group of fibers connected with the superior and posterior margins of the sinus node and passed to the right of, and posterior to, the superior vena cava. This group passed toward the superior and middle aspects of the atrial septum. The third group of connecting fibers was less well defined and consisted of more diffuse connections into the crista terminalis, arising from the inferior and posterior margins of the sinus node ( fig. 7) . In only three of the seven cases did any of these connecting fibers possess Purkinje-like features ( fig. 8 ).
A-V Node
Gross Anatomy
After dissection of the posterior portions of the floor of the right atrium, the A-V node could be delineated as a pale, oval-shaped structure on the tricuspid valve ring, posterior to the membranous septum and anterior to the ostium of the coronary sinus. Its dimensions coincided with those previously reported by Titus and associates46 and averaged 7.5 mm in length, 3.7 mm in width, and 1.0 mm in thickness. Gross dissection and identification of the atrial connections with the A-V node were not attempted. On the contrary, in most specimens care was taken to preserve the thin sheet of atrial musculature overlying the A-V node, in order to evaluate possible connections of these fibers with the A-V junctional tissue and to search for any bypass connections.
Histological Findings
Serial histological sectioning of each tissue block commenced anterior to the membranous septum and proceeded posteriorly. Thus, the common A-V bundle (bundle of His) was seen in a retrograde fashion, that is, first bundle branches, then common bundle ( fig. 9 ), and then A-V node. The A-V node was formed of a network of fibers (figs. 10 and 11) which were smaller than ordinary atrial fibers but thicker and shorter than sinus node fibers. The cells were arranged in whorled patterns. Relative to ordinary atrial myocardium, there was increased connective tissue in the A-V Circulation, Volume XXXVII, April 1968
Figure 9
Section at level of bundle of His (H). Atrial septum (as), ventricular septum (vs), tricuspid valve (t), aorta (A). Mallory-Heidenhain stain; X 2.5.
Figure 10
Section at level of middle of A-V node. Arrow points to anterior and middle pathway fibers entering the superior aspect of the A-V node. Atrial and ventricular septa, as and vs, respectively; tricuspid valve (t), aorta (A). Mallory-Heidenhain stain; X 2.5.
node, but this feature was consistently less prominent than in the sinus node. The nuclei were oval. The cells were slightly paler than the surrounding ordinary cells, but this was not as noticeable as in the sinus node. Nerve cells were seen at the nodal periphery.
Fine Structural Findings
The tissue studied was taken from the central portion of the A-V node, and no attempt was made to correlate structure with the various functional "levels"47 of A-V junctional tissue. Like sinus node cells, the A-V node cells were smaller than ordinary myocardial cells, as found by light microscopy. These small cells had fewer myofibrils than ordinary atrial or ventricular muscle cells ( fig.  12 ); however, there were more myofibrils per A-V node cell than in sinus node cells. As in the sinus node, the sarcomeres ran in and out of the plane of sectioning. Several cells often abutted one another, with plasma membranes apposed but separated by 200 A (fig. 13 ). Desmosomes were common, and occasionally intercalated discs were seen in regions where sarcomeres terminated at the plasma membrane. Connective tissue was much less prominent than in the sinus node.
Atrial Connections of A-V Node
Serial section study of the atrial connections of the A-V node revealed some variability among specimens, but in general two portions showed consistent fiber-to-fiber connection between the A-V node proper and specific areas within the atrial musculature. (fig. 14) . The connecting fibers usually were smaller than ordinary atrial cells, and in some specimens they possessed Purkinje-like characteristics. Many fibers in similar locations and with similar appearances inserted on the tricuspid valve ring, but no fibers were demonstrated that inserted into the common A-V bundle (bundle of His) or into the lower or anterior third of the A-V node.
Atrial Pathways
General Comments Serial sections were studied in an attempt to delineate fiber-to-fiber connection between the sinus node "output" and the A-V node "input"' connections already described. The tracts did not need to contain Purkinje-like cells or a connective tissue sheath, such as that which sometimes surrounds the common A-V bundle in some species. In every specimen examined, pathways could be followed which demonstrated fiber-to-fiber connection between the two nodes. The only direct con-Circulation, Volume XXXVII, April 1968
Figure 13
A-V node cells from same specimen as figure 12 showing abutment of several small cells and a paucity of sarcomeres (s). Mitochondria (m). Epon, uranyl acetate; reduced from x 6,400. nections between the nodes were in these pathways. The findings confirmed those reviewed and described by James26 and included the pathway in the location described by Wenckebach,5 termed "middle pathway" herein, and the pathway described by Thorel, 6' 7termed "posterior pathway" herein ( fig. 1 ). In addition, the presence of an anterior pathway or internodal tract described by James26 and termed "anterior pathway" herein was confirmed (figs. 1 and 15). The relative prominence of one or more pathways in an individual specimen varied, but all three pathways were present in all specimens examined. In some specimens, Purkinje-like fibers were prominent and, when present, they were seen mainly in these specific pathways of the atrium. However, a few scattered subendocardial fibers occasionally possessed the same characteristics.
Anterior Pathway
The anterior pathway began at the anterior aspect of the sinus node, as described under the section on sinus node-atrial connections. At the anterior and superior margins of the atrial septum, as the fibers coursed toward Bachmann's bundle, a large group of fibers 5;75 Figure 14 Section at level posterior to body of A-V node. Arrow points to posterior pathway fibers coursing anteriorly toward A-V node. Coronary sinus (cs), atrial septum (as), ventricular septum (vs), tricuspid valve (t), mitral valve (mv). Mallory-Heidenhain stain; X 2.5. turned inferiorly and posteriorly into the thick portion of the atrial septum anterior to the fossa ovalis (figs. 1 and 15) . This group of fibers generally assumed a position in the subendocardium of the right side of the atrial septum ( fig. 10 ), but in some specimens the course of the fibers was closer to the left atrial endocardium. The pathway coursed inferiorly, connecting with the superior and anterior aspects of the A-V node.
Middle Pathway
This pathway extended from the sinus node "output" fibers, which left the posterior aspect of the sinus node, passed to the right and posterior to the superior vena cava, and entered the superior aspect of the atrial septum. It passed superiorly and then anteriorly to the fossa ovalis ( fig. 1 ). Anterior to the fossa ovalis, t-he fibers joined and interconnected with fibers of the anterior pathway, as emphasized by James.26 This combination of pathways passed inferiorly, forming the superior and anterior "input" of the A-V node. Some fibers did not pass directly into the A-V node, but extended posteriorly, in- terconnecting with posterior pathway fibers. No fibers in this group connected directly with the common A-V bundle or the lower part of the A-V node.
Posterior Pathway
The least well-defined group of sinus node "Coutput" fibers originated from the posterior and inferior margins of the sinus node and passed in a diffuse fashion into the crista terminalis ( fig. 7 ). Fibers fanned out from this structure into the pectinate muscles, but through its course the crista terminalis retained the bulk of the fibers passing from the sinus node to the coronary sinus area.
At its lower end, the crista terminalis fanned out and the fibers passed anteriorly around the orifices of the inferior vena cava and coronary sinus. Many of these fibers possessed Purkinje-like characteristics. Passing anteriorly, most of the fibers congregated beneath the coronary sinus in the subendocardial region of the floor of the right atrium ( fig. 14) . Some fibers passed anteriorly and superiorly to interconnect with fibers from the anterior and middle pathways. Fibers in the areas of interconnection were smaller than ordinary atrial muscle cells. Some fibers inserted on the tricuspid valve ring. Characteristically, these posterior pathway fibers became smaller as they passed anteriorly from the area of the coronary sinus. The transition into characteristic A-V nodal tissue was smooth and gradual. In the specimens examined, no posterior "input" fibers joined the A-V node in its anterior or lower third, nor were any of these fibers found to join directly to the common A-V bundle. Many fibers indistinguishable from posterior "input" fibers continued anteriorly, to insert eventually onto the tricuspid valve ring. None joined directly with ventricular muscle.
Comment
This study confirms the presence of three specific pathways connecting the sinus and A-V nodes in the human heart. The posterior pathway, as first described by Thorel, 6 7 and the middle pathway, as described by Wenckebach,5 were present. The third, usually most prominent pathway, has been called the "anterior pathway" or "internodal tract" by James.26 Much of the controversy concerning atrial pathways has centered about the existence of Purkinje-like cells in the atria and the concept that specific pathways must be composed of such fibers, that is, the requirement of "histological specificity." In this study, Purkinje-like characteristics reflect a paucity of contractile elements within a given cell; this condition is manifested by pale-staining cytoplasm and a clear perinuclear zone. The term "Purkinje-like" in this study intends no implication concerning the size of the cells. No part of the human hearts examined possessed the large cells classically described as "Purkinje cells" in ungulates.' In this study, many Purkinje-like fibers were smaller than ordinary atrial muscle cells.
Circulation, Volume XXXVII, April 1968 We believe that serial histological sectioning demonstrated that, between the sinus and A-V nodes, direct fiber-to-fiber connections exist in only the three areas described and that these pathways are not necessarily composed of histologically specific cell types. The bulk of the cells forming the specific pathways are structurally indistinguishable from ordinary atrial muscle cells by light microscopy. If these cells are ordinary atrial muscle cells, or if there are only minor structural differences from ordinary cells, their conduction velocity per unit length of tissue might be similar to, or only slightly greater than, that of ordinary atrial myocardium. Atrial pathways may facilitate propagation of the sinus node impulse directly to the A-V node, as a consistent, recurring phenomenon, because the pathways provide the shortest and most direct route between the two nodes. Thus a principal physiological contribution of the pathways may not necessarily be increased conduction velocity per se, but rather the facilitation of orderly atrial depolarization and impulse propagation between the two nodes, thereby providing a uniform input into the A-V node, a structure generally considered to have a low margin of safety.
It is of some interest that this orderly atrial depolarization may be compatible with the observations of Lewis.9 In our opinion, orderly atrial depolarization could occur in radial fashion via the pectinate muscles which fan out from the crista terminalis, implying that perhaps the presence or absence of radial spread may not necessarily be germane to the concept of specialized atrial pathways.
While this study did not reveal any striking structural differences between individual cells composing specific pathways and ordinary atrial cells, recent studies have demonstrated definite physiological differences, as outlined in the historical review. The problem concerning atrial conduction pathways is, in part, a semantic one and may be a reflection of a paucity of functional-structural correlative studies.
Our findings in these preliminary electron microscopy studies of the sinus node agree with those reported by James and associates.48 Tissue in the A-V node appears to be similar to that found in the sinus node, although less connective tissue is present. It is our opinion that no conclusions as to function can be drawn from a strict morphological approach to the fine structure of the A-V node, but that a functional-structural correlative approach must be applied.
In this study, detailed review of the serial histological sections did not reveal any atrial fibers that bypassed the A-V node and inserted into the lower margin of the A-V node, as has been reported previously by James,26 Truex and Smythe,27 and more recently by Lev and associates. 49 Frequently, initial study suggested that such was the case, but in our hands, reconstruction indicated that these fibers always inserted into the tricuspid valve ring.
